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. Abstract

-‘\'- \/

- This research is an on-going effort to produce an interactive, computer-
S based aid suitable for use in decision situations and long-term planning. The

o current research involves the development of extensions to the applicability
o of a decision aid embodied in the computer program MADAM: Multi-Attribute
] Decision Analysis Model. The theoretical underpinnings of MADAM involve

.. portions of multi-attribute utility theory. This interactive program is

:}' designed to aid the decision-maker in all phases of decision analysis from

problem formulation to sensitivity analysis. The program is a tool designed to

o be used by a decision-maker in order to facilitate making rational and con-

A sistent trade-offs and subdecisions throughout the entire decision-making
process. The stages of the decision amalysis covered by the program include

. formation of an objectives hierarchy, elicitation of an appropriate set of

: attributes, examining the relationship between the attributes, establishing

. criterion weights, evaluating candidate solutions, and performing several

types of sensitivity analysis.

¢ ‘fl@ The significant changes in the model involve the stages of examining the
o relationship between the attributes and of incorporating probabilistic data

N and utility concepts. 1In the previous version of MADAM, the program guides

-j- the decision-maker in determining whether or not the condition of mutual

Y preferential independence is met. This determination is important because

= the previous version of the program is designed to handle the case of de-

i terministic attributes (measurable value analysis) where an additive value

s function is the appropriate overall value function. The exentsions allow

2 MADAM to be utilized for the case of probabilistic attributes (utility

./, analysis). The extended program aids the decision-maker in conducting

. lottery trade-offs so that independence conditions necessary to use an additive

Y utility function can be ascertained. The utility analysis parallels the

- former value analysis in structure. MADAM maintains all previous capabilities

. for sensitivity analysis as well as the new utility analysis capabilities.

*Associate Professor, Department of Aeronautics and Astronautics (ENY)}, Air

-, Force Institute of Technology.
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1. Introduction

{ Decision situations are becoming increasingly complex due to the desire

XA

by decision makers to have as much information as possible with which to resolve
the situation. This desire for increased quantity end quality information has
encouraged analysts to attempt to quantify previously qualitatively addressed

& » concepts and to utilize increasingly robust models to more realistically describe
o the world. Because of complications in gaining access to the decision maker (DM),

N in presenting data, and in interpreting the data, a very thorough analysis may

.

"never be used or inefficiently used in the resolution of a decision situation

- (7,6,11). It is hypothesized that it would be beneficial to develop tools to

X

help the DM prioritize salient attributes and quantify preferences in an easily

v
‘

usable format. One technological boom which can help achieve this objective is

NI O W

the availability of inexpensive, computationally capable, and conveniently small

computers (15). These computers can manage and display data pertinent to a

1)

decision situation, and they can be used in real-time sessions with an individual R
DM ¢r a group of decision makers.

One tool which has been developed is the software package (MADAM, 16, 17). This "
computer program is similar to other interactive decision aids which attempt to X

automate value (deterministic utility) structure elicitation from the DM (4,10,15).

NNV PEA0

The program MADAM approaches a decision gituation from a multiple attribute

e

. value theory paradigm. It attempts to guide an analyst and/or DM through the

g steps of structuring the problem in terms of objectives and attributes, quantifying .
the DM's preferences, evaluating candidate solutions, and perf;rming sensitivity "
analysis with respect to the preference structure and alternative realizations

of candidate solutions. The current capability of this interactive program is

conducting a value elicitation (deterministic in nature) with a DM concerning

Ry the attributes and candidate solutions for a decision situation, and allowing

for several types of sensitivity analyses,
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Among applications which are appropriate for utilizing a program like

- MADAM are evaluation of competing alternatives, ranking of projects, and the ,a,
testing of the robustness of a solution., As an example, the government could
use this program as a decision aid in prioritizing research projects within
budgetary constraints. Annually, there are a certain amount of funds left to
the discretion of government laboratory managers for dispersement into appropriate
research efforts., The universal problem that these DM's face is that there are
apparently more deserving projects than resources to adequately fund them.
Government DM's could use the decision aid MADAM to evaluate these projects and
resolve their dilemma. A major deficiency which is noted in using programs like
MADAM is the inability to account (explicitly) for the probability of achieving
particular attribute levels among the various projects. The ability to incorporate
risk when using decision support software would expand its usefulness because of
the need to differentiate among alternatives which are non-deterministic in nature.
'a_s This paper describes and motivates the implementation of the modifications to )
L the computer program MADAM. These modifications expand the capability of the

computer automated decision aid by allowing for the incorporation of risk and

subsequent utility aspects of candidate solutions. The incorporation of the

DM's attitude toward risk in a Multiple Attribute Utility Theory (MAUT) model is

discussed in Section 2. The actual computer program modifications developed and

then implemented in code (FORTRAN) on a mainframe computer are described in

ﬁ; Section 3 (See also Appendix A). The modified decision aid program allows
interactive operation and contains graphics capability for rapid feedback to the
analyst and DM. Section 4 (and Appendix B) delineates a hypothetical application
of this decision tool which concerns the prioritization of various types of
government research projects by a DM. The primary aim of this effort is to expand

the capabilities of MADAM to explicitly address and incorporate elements of risk.

e

.
o e A-
L A

The second aim of this effort is to illustrate how this new expanded decision aid )

may be applied to the government research project prioritizaticn problem.
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2. Multiple Attribute Utility Theory

MAUT is widely used in decision situations which involve event outcome
uncertainty (2,7,11,12,14). These events have associated with them outcome
probabilities formed from either empirical data, or subjective data obtained
from expert opinion. The objective of MAUT is to find a scalar scoring function
(SSF) which will map each alternative in the decision situation onto the real
line, and in the process form a complete ordering (ranking) of all alternatives.
For the case which involves uncertainty, the objective is to find the alternative

which maximizes the expected utility of the DM. For the discrete cases, this is

giv;n.by
Haifmlze e(u) = E ? pj(ai)u(zij(ai)) 1)
i

over each alternative a where E is the expectation operator, pj is the probability
of the jth event outcome, zij' The SSF, u, is a utility function which incorporates
the DM's attitudes toward risk. This function can be formed by combining the
salient attributes of the decision gituation into a single attribute and then trans-
forming it to a utility function incorporating risk (3), or by use of decomposition
techniques which form constitutent utility functions for the salient attributes

and then aggregating these into a scalar function. Many authors including Keeney
and Raiffa (11) describe assessment procedures for this latter method which enable
one to discern the mathematical form of u and to identify scaling parameters based
on the relationships among the attributes. This latter method is used to build the
wodels described in Section 3. The alternative policies, events, outcomes and
associated probabilities in a MAUT formulation can usually be displayed in a decision
tree format such as the simplified single state tree shown in Figure 1. A general

algorithm of the MAUT process is shown in the DELTA chart of Figure 2.

2.1 Computerized MAUT

Computers have the potential to significantly enhance the assessment of multiple

attribute utility and value functions. This has been demonstrated by recent research

. ".'.'.l‘. ."."-‘"‘."".' PR ol
abhaud PRI S TS Y DU SN BB SN

f
.
,
'
AT s oL A A

a. & 4 . & . - a.

—— e  mAARAS o & 8 A B 8 KA A .. . a

Aa

3

GV R L AT % e et e L AR L LA e AMA ' 'ita'a 4 AR ga

‘T .




L adh ottt
et
PN

DAL WO

(SAwWo021N0 3yy J0]
fiTinin s.Ng 3y pue
sainatalie ardrrTnu
My Auiqerodiodut ) rswoding quaag

- = TYYTCYT YT

("% yn 1B

Aa:sv:_a

u
d
(Mz)ni1ty d

asv=,8au
'
wi
(YTz)ne Tl !
{ 11
|
14
(2 ynl;
BlUBsAl

"OTIRNITS UOTSTNIA( 3ul JO uotriejuasaaday saa] uotrstoag eFe1g atdurg 't aan3dty

S9ATIRUIBITY

YT Ty T YTy lm XA
...... . .. -
A A

R

’ ...n\l-%
R B

ey

A e

e,

et e,

v .
o

“

L




M decides tv use
UT to resolve the
decision situation

DM and analyst

Identify pertinent
stakeholders in the
decision situation

SRS R R R R 2 A e e e I B e e S A e e A R T T S Nt T ine i N S O

1

CM and analyet

. - DM, analyst, and
- : stakehclders

Define the problem
and identify the
value systenm
through DM,analyss,
and stakeholder
interaction

- And analyst

Seiect a number
of alternative
policy Zorms %o
become the actual
decision optiors

LHX, anaiyst and

stakeholders
)
«*B—; Define an appro-
SN priate sat of
* objactives and
objectives

measures, and
elicit preference
information to
estadlish relationd
ghips between the
attridutes

DM and analyst

Define slternative
policies <o
resolve the
decision situationg
and develep
linkages between
the alternatives
and event oute
cormes {this may
include encoding
of uncerzainty
over the event
outcomes)

YES

Are the policies
inplementable’

Aralyst

Refine or tune
the alternatives
as needed using
an appropriate
optimization
technique

Figure 2.

P ol A
" '- %
AR

NP
“

Y

AN . ]

A

Elicit information
concerning th.
attridutes, and
develsy a acalar
SCF as a sccring
function based on
elicited utlilicty
and prefsrence
statements: assess
utilities arg
scaling constanc<s
(the DH's artitudd
toward risc is
assesses)

Anaiyst

~Evaluate and rank
alternative
policies based on
the DN's scoring
function to
identify the
optimal policy

Analys<

Conduc: & Sensi-

tivity mnaiysis %o

identify modeilirg
errors

DM and analyst

Evaluate <he
solution ctzained

DM and analyst

Prepare an action
plan for imple-
mentation of the
selected policy

DELTA Chart For MAUT Process With Uncertain Outcomes

- Al S
KA Dt = At A PC AR At S i o S R e R ek 0




By ety
’, {l_(l_.
1 ]
.

:.: in the case of a single decision maker (10) and also in the case of group decision-
: A making (15). The development of the previous computerized assessment packages have ﬂ
__ =~ fallen short in many areas. These deficiencies include: 1) the failure to incorporate
'i:j the DM's attitude toward risk on an individual attribute basis; 2) the lack of

a systematic way to incorporate descriptions of the candidate alternatives in terms

: of stochastically based raw attribute data; 3) the lack of immediate feedback to
E the DM of the implications of his preferences; 4) the lack of an efficient procedure
to update DM preferences and conduct sensitivity analysis. The computer program
" MADAM originally did a satisfactory job of assessing value fut _i.ns and evaluating

-E: alternatives with deterministic outcomes. It did not amelior -e the first two

$\ previously mentioned deficiencies concentrated around the la.  incorporation of

’A the elements of uncertainty in a decision situation. However the structure of MADAM
-_E’:: made it attractive to modify the program by adding several subroutines which allowed
all of the aforementioned deficiencies to be appropriately addressed and resolved in
¢ , ‘,.\ the context of risk and utility. Section 3 describes the specific models and )
::':2 o accompanying procedﬁres which are implemented in structured subroutines on the
:d digital computer.

3. Utility/Risk Incorporation Into MADAM
': 3.1. Previous Capabilities of MADAM
- : MADAM was designed for a complex decision making environment which exhibited
characteristics of Type I and Type III problems of Figure 3. The modifications in
' this effort which incorporated utility concepts into MADAM are intended to allow
i for solutions to decision problems of Type Il and IV, Originally, a DM/analyst was
E... able to use MADAM to conduct interactively a problem formulation phase, the form-
"‘ ation of an appropriate value function, and a sensitivity analysis phase. The
.. DELTA chart of Figure 4 shows the program flow for the problem formulation phase of
:“ MADAM. In the problem formulation phase, the DM is guided in the construction of )
:_ ' an objectives hierarchy which is designed to define issues of concern; limit the

] 7
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problem to a tractable size, and identify operational variables or attributes.
Additionally, the problem formulation phase establishes an appropriate range of
realization levels for each attribute, and characterizes a feasible set of

candidate solutions or alternatives in terms of these attributes. There is graphics
capability for the appropriate timely feedback of the objectives hierarchy and
attribute set to the DM.

The next phase of MADAM explores relationships among the attributes in
attempting to establish mutual preferential independence (MPI), and then establishes
constituent scoring or value functions for the individual attributes. MADAM uses
the weakened sufficiency conditions (12) of pairwise preferential independence (PPI)
to explore the existence of MPI. MPI among attributes is both necessary and
sufficient for justifying use of the additive form of value function.

n

v(x) = i.f wi . vi (xi) (2)

where V(x) is the scalar value function, vi(xi) is a constituent value function
of an individual attribute x., and LA is a scaling constant reflecting the
relative criterion weight of attribute x, compared to the other attributes.
Currently MADAM only has the capability of utilizing an additive form of V(x), but
caveats are issued automatically if MPI cannot be established warning the DM/analyst
of possible error in scoring and ranking the alternatives. The individual value
functions are next established using the midvalue spliting technique (11). Once
the individual value functions are established, graphical display to the DM of
these functions is used to verify their form. Next the scaling constants or
criterion weights are elicited using the ratio technique (5,13). Now all parts
of the SSF, V(x), are present for evaluation and ranking of each candidate alternative.
Figure 5 shows a DELTA chart of the value function establishment pahse.

Sensitivity analysis is performed in the next and last phase of MADAM.
Sensitivity to criterion weight changes for upper level nodes and attributes
\data nodes) for all alternatives or any alternative individually, and to

attribute levels at a particular node for each alternative explored in this phase.

10
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There is a graphical presentation of the resulting alternative's scores due to
the variation of parameters.

In all three phases, only deterministic attribute levels for the alternatives
are permissible as input. Also no attempt is made to incorporate the DM's attitude
toward the risk involved with each alternative. In the resulting sections, the
modifications to MADAM are described which ameliorate these weaknesses.

3.2 Modifications/Current Capabilities of Extended MADAM: EMADAM

The incorporation of stochastic data for alternatives under evaluation and
the DM's attitude toward this risk in a utility function was accomplished in three
steps: (1) model and implement a protocol for exploring relationships among
attributes in terms of utility concepts, 2) model the incorporation of rigk into
the DM's value function and establishing a protocol for assessing utility functions
asccompanied by graphical display of these utility functions, 3) model the
combination of individual utility functions into a global utility function and
then provide a description and subsequent evaluation of candidate alternatives in
terms of the rigsk containing utility development and provide for the inclusion of
probabilistic attribute data.

Attribute Relationships

In order to establish a mathematical basis for using a specific utility
fﬁnction with which to score and subsequently rank alternatives, relationships
among the attributes must be examined with respect to both the DM's preferences
over the attributes and attitude toward risk. A manual approach for checking for
Mutual Utility Independence (MUI) among attributes is described by Keeney and
Raiffa (11). This approach using PPI and utility independence (UI) for checking
for MUI was developed into an algorithm and implemented in a new Subroutine called
UPI (Appendix A-3). The flow in UPI is shown in Figure 6.

MUI is both a necessary and sufficient condition for using the multiplicative
form of utility function and it is also a necessary condition for using the additive
form of utility function as shown in Equation 3 below (11):
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Figure 6. Flow of Subroutine UPI




n

U
. z ki ui(xi) (3)
ie]

where ui(xi) represents a constituent utility function, Uiy wvhich is a function

of a single attribute, X and ki represents the criterion weight or scaling

constant corresponding to ui(xi), and U is the combined utility function for sll
attributes. The additive form of U is used in this effort since it is the form

that applications have shown to be‘'very often justified (11). Sufficient

conditions for using the additive form of U are the establishment of Fishburn
Marginality but these conditions can be ..me intractable for any practical application
vhere the number of attributes is greater than two (7,11). Caveats are issued

if MUI cannot be established and the DM/analyst is given the choice of stopping

the analysis or continuing with the knowledge that some error is possible.

Utility Function Assessment

Because MUI is either established or assumed in subroutine UPI, individual
utility functions can be established as functions of single attributes. The
most common approach for incorporating the DM's attitude toward risk and preference
simultaneously is through a simple lottery. Fjgure 7 shows the construction of
a simple lottery where the DM is asked to trade a chance at two outcoies
in terms of a single attribute for a minimum amount of the same attribute for
certain. This amount is called the certainty equivalent of the lottery (22).
The utility of this certainty equivalent can be seen to be equal to the expected
utility of the lottery which is calculated using Equation 1. A series of
questions in the form of lotteries can define a utility curve for a single
attribute, In the assessment process, the probabilities are Beld constant, and
the outcomes are varied. A serics of questions in the form of lotteries can
define a utility curve for a single attribute. 1In the assessment process, the
probabilities are held constant, and the outcomes are varied. While there may
be some drawbacks in using the lottery technique (4), it is by far the most
often used technique for assessing a DM's utility (2,11,12). This lottery

technique was developed into an algorithm and implemented in Subroutine UTIL
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_*

(4
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Figure 8. Flow of Subroutine UTIL and Adjoining Modules
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Figure 7. Simple Lottery
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(Appendix A2). ‘

‘ii' The points of the constituent utility curves just determined are curve

fit using a least squares criterion for five forms (exponential, quadratic,

PREPREG.S._4N VO

linear, logarithm, and square root). The closest fit of the regression attempts
is parameterized for ease of data handling for all utility curves. The regression
results and error are displayed to DM/analyst. The individual utility functions

are graphically presented for the DM/analyst. This visual feedback will corroborate

:
o
!
]
;

the risk averseness characteristic of each utility curve for each attribute as
a consistency check. Subroutines PICTUR and RDATT were modified to accomplish
the last two major steps. Figure 8 shows the flow of the utility function

assessment.
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Probabilistic Data Inclusion/Expected Utility Calculation

N o~ The strength of the utility theory approach to decision theory is the '“’
ability to take into account the realistic risk associated with levels of

the attributes (outcomes occurring in the future) for each alternative. 1In

order to allow for ease of interfacing with the digital computer, the Subroutine

RDV (Appendix A-4), asks the analyst to input discretized or spike probability
distribution data corresponding to levels of the attributes. A maximum of ten

discrete probabilities are allowed for each attribute per alternative. Checks

are included to insure that these discrete probabilities are collectively

exhaustive. The resulting probability distributions are displayed graphically

through Subroutine DRWPRB (Appendix A-6).
The expected utility for each attribute for each alternative is now
calculated in Function CONVLT (Appendix A-5) by forming the linear sum shown
in Equation 1. Constituent utility values corresponding to the discrete attribute
“.. levels just entered are calculated from the previously determined utility curves. ‘)
These utility values are multiplied by the corresponding probability of occurrence
for each attribute. The resulting expecting utilities for each attribute are

combined with the previously described scaling constants to produce the linear

sum of Equation 3. This results in a combined utility score for a simple
alternative. The flow of the data entry and utility calculation phases are
shown in Figure 9.

This process is repeated for each alternative. The set of alternatives
are ranked and the respective combined utility scores displayed.

The example presented in Section 4 and Appendix B demonstrates the

use of the newly enhanced decision ajd MADAM for a problem involving probabilistic

data and utility concepts.
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DM/Analyst

Enter discretized
probability distributions
for each attridute for
each alternative

Calculate the Expected Utility Attribute of Each
Alternative By Convolving the Appropriate
Formerly Determined Utility Functions With the Discrete

Probability Distributions

Score Each Alternative By Forming The
Weighted Sum By Combining The
Expected Utility With The

Scaling Constants Previously Determined

Rank The Alternatives
In Terms Of The
Combined Utility Score

Go To Sensitivity
Analysis Phase

Figure 9. Data Entry/Utility Calculation
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4. Prioritizing Research Projects - An Application of EMADAM

4.1 Problem Definition

The Department of Defense (DOD) philosophy on funding initial research and
development (R and D) programs (also called "new starts") is to commence efforts
in many areas, but only fund the advanced development and eventual procurement
of the few - efforts that are the most successful, potentially fruitful, or
vitally needed (18,19,20,21). Many government laboratories are apportioned a certain
amount of funds to start new R and D projects. Unfortunately there is always
insufficient funding to cover all the attractive R and D projects. The problems
faced annually by the government research executives are how to rapidly and
appropriately prioritize the new R and D efforts. A tool like EMADAM allows
the DM and aﬁalyst or advisor to work through each phase of the prioritization
in an informed and timely manner. This allows for not only a ranking of the
projects, but also a more thorough understanding of the process by the parties
involved.

To serve as an example of a possible use of EMADAM, a hypothetical application
concerning R and D project prioritization is now presented. Appendix B gives
an interactive listing of this application of the research project prioritization.
4.2 Attributes

An objectives hierarchy was established for this decision situation (Appendices
B and D). The measures of attainment of the lowest level objectives are the
attributes for this problem. Four attributes were identified as salient in this
decigion situation. They are (1) technology base, (2) sponsorship potential,
(3) cost, and (4) time to project fruition.

The "technology base" attribute addresses the issue of being able to
successfully produce a solution for identified needs as opposed to just expanding
the technological base in an area. The end objective of each R and D project
is evaluated as to the existing technological base as well as estimated difficulty

in achieving the end objective. A ten point scale is used to rate each project
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(Appendix C) from the extremes of no technology base and extreme difficulty in ¥
achieving research objective to simply a new use of existing well developed N
technology with little difficulty in achieving end objective. Each project 3
is rated based on an extensive literature search of existing technological j
bases and expert opinion with respect to difficulty in meeting the research ﬁ
objective within five years. In all cases where expert opinion is used to refine "
attribute levels, a Delpi exercise is used to achieve concensus (13). There is
some uncertainty associated with the estimates of the technology base obtained _i

.

from expert opinion.

The "sponsorship potential" attribute is aimed at ascertaining the number

of potential major organizations which will commit funds toward advanced development
and pre~production testing. This attribute is used as the primary indicator of
the importance of the deficiency or need addressed by a project. Zero through
five major organizations is the range of this attribute. Surveys with the
s potentially interested major organizations are the primary source of data for
this attribute for each project. Because gome organizations withhold their
commitment of funds until some future point in time, there is some uncertainty
as to the exact number of sponsoring organizations.

The attribute of cost seems to be the most straight forward attribute but
modifications of the yearly costs must be made to establigsh a common time basis
for the research projects. All research budgets are made on a five year planning
cycle as dictated by Congress. Because projects are generally funded for all
five years once they are started, this period is used as the absolute maximum
time allowed for each project to reach the identified research objective.
Therefore, each project is budgeted so that the research objective can be
achieved in five years. The highest cost project is used as the basis or standard

and all other projects are allotted the same annual amount. This step resolves
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:‘}:v the arbitrary nature of funding and puts all projects on the same effective~

budget schedule. The fact that many projects would be accelerate. and produce
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‘lts faster than usual at the basis funding level allows project differentiation

itu che next attribute to be discussed, which is '"time to project fruition." This
pro]

equalizing of the proposed annual budgets for the projects allows the attribute

"cost" to be dropped from analysis so as not to double count its effect. This

reduces the number of attributes, and makes the decision situation more tractable

in quantitative terms.

The "time to fruition" attribute indicates the actual time (less than or

equal to five years) for the R and D project to produce significant results

(i.e. achieve the research objective). Because many projects will take less than

five years to produce significant results at the equalized effective basis funding

level discussed earlier, the combination of this attribute and cost will differentiate

among the alternatives. Expert opinion and past research efforts are used to

produce the estimates of time to fruition for each project. As with the other
attributes, risk is involved in this estimate and therefore a distribution is

appropriate for describing the attribute level achieved.

4.3 Alternatives

Five generic R and D projects were ranked in this effort. While these
projects were hypothetical, they are very similar in characteristics to actual
projects. These projects S, T, X, Y, and Z are described in terms of attribute
data in Appendix B. Project S has the characteristics of an expected general
project with low to average technology base (TB), a reasonable number of
sponsors and an average time to successful results. Project T would be called
an average development oriented project with a high TB, a few sponsors, and an
average expected time to successful development. Project X is the high risk
alternative with a low TB, only one sponsor, and a long expected time to
fruition. Project Y has the characteristics of a typical research oriented
project with a low to average TB, small number of sponsors and a long lead
time to successful results. The final alternative, Project Z, is often called

a "sure bet" because it has characteristics that almost always assure success

in an average amount of time such as a high TB and many sponsors. The specific
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attribute values and accompanying probability distributions are shown in Appendix B.
4.4 Results

A government DM familiar with the R and D funds allocation problem was
used in this effort to add realism to this example. The objectives hierarchy,
attributes, criterion weights (scaling constants), relationships among the attributes,
and individual utility functions were all established by the DM in realistic sessions
utilizing EMADAM. Appendix B contains an abbreviated but representative listing
of the output for this example.

The DM established the objectives hierarchy (Appendix D) which led to the
attributes discussed earlier and listed in Appendix B, The DM was able to establish
MUI among the attributes which are necessary conditions justifying use of individual
utility functions of individual attributes, and the additive form of SSF (Appendix B).
The individual utility functions were elicited from the DM (Appendix B), and as
expected all indicate an aversion toward risk with respect to all attributes. The
utility functions for "time to fruition" and "number of sponsors" displayed the
most risk aversion. The criterion weights established by the DM indicate the
"number of sponsors" willing to support development (an indication of need, W, = 50)
is almost twice as important as either "time to fruition" (W3 = 30) and TB
(Wl = 20) in prioritizing alternative projects (Appendix B), Of course these
weights (scaling constants) may only be valid for the ranges of the attributes
considered (11).

The calculated expected utilities for the five projects (Appendix B) are
as follows: U (Project S) = 64.20, U (Project T) = 64.68, U (Project X) = 27.15,

U (Project Y) = 53.74, U (Project Z) = 65.01. On a 100 point normalized scale,
some significant differences are evident. Project Z clearly dominates Projects
X and Y, but outdistances Projects S and T by only 1Z. The usefulness of a
quantitative decision aid such as EMADAM is not only in the absolute ranking of
the alternatives, but also in the relative differences between alternative

project scores., While not a specific objective of this effort, extensive
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sensitivity analysis is available with EMADAM as an aid to the DM, and for this
example clearly needed to differentiate projects §, T, and Z. "

4.5 Computer Utilization Summary

A listing of the routines developed in this effort (ASKU, UTIL, UPI, DRWPBR,
CONVLT, and RDV) is provided in Appendix A. These routines are written in FORTRAN V
and all graphics capability is compatible with any common alpha-numeric terminal.

In addition to the routines coded, many other subroutines in MADAM were modified
to allow compatibility of both deterministic and probabilistic data. The subroutines
modified were ATT, ASET, ATTSET, PICTUR, and RDATT. The enhanced version of MADAM
(i.e. EMADAM) is now in excess of 5,6000 lines of code. EMADAM is segmented in
overlays which at no time take more than 56,6000 bytes of memory. This reasonable
memory requirement due to overlaying allcwvs for interactive execution of the program.
The CPU execution time is nominal for a reasonable size problem. This example
problem took less than six seconds total. This.example was performed on a CYBER 175
(CDC) system. ) A
The interactive terminal time totaled approximately three hours for this .

sample. This time was accomplished with the DM in two sessions. The DM expressed

satisfaction with the usability and commented on the ease of understanding the

?
.

prompts provided by the enhanced MADAM program. The length of time required by

g
‘A‘A.A

-':

the DM/analyst does not seem excessive when one considers the number of steps

accomplished in the decision resolution paradigm.

5. Summary, Conclusions, and Recommendations

5.1 Summary

In this effort, several modifications to the decision analysis software

tool MADAM (16,17) were accomplished. These modifications enhance this decision making

aid by incorporating utility concepts and probabilistic data into the analysis

process. The DM/analyst can still accomplish the setting of objectives and
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of using an automated tool for exploring relationships among attributes, assess
the DM's value or utility functions, and include attribute data for either the
probabilistic or deterministic data case (Figures S, 6, 8, and 9). Several
computer codes were developed to implement the modifications accomplished here.
These modifications are summarized in the following tasks:
1. model and code a protocol for examining utility and preference relationships
among attributes (Subroutine UPI, Appendix A-3);
2. model and code a protocol for the incorporation of risk into the DM's value
function and assess his/her utility functions along with graphical display of
these curves (Subroutines ASKU and UTIL, Appendices A-1 and A-2);
3. model and code the inclusion of probabilistic attribute data for the alternatives
along with graphical presentation of this data, the combination of individual
utility functions into a global utility function employing an expected utility
calcualtion, and the subsequent evaluation of the utility for each alternative
(Subroutines RDV and DRWPRB, and Function CONVLT, Appendices A-4, A-6, and A-5).
5.2 Conclusions

Conclusions to be drawn from this effort:
- The enhanced version of MADAM (EMADAM) can effectively incorporate probabilistic
data for the attributes of alternative systems under evaluation, and utility
concepts (additive form of utility function) into a decision analysis.
- This type of decision aiding software tool is appropriate to project evaluations
and selection problems such as the allocation of government research and development
funds as demonstrated by the example in Section 4 and Appendix B.
- The usability of EMADAM appears acceptable as demonstrated on a moderately sized
problem (Section 4, Appendix B). A DM, with or without an analyst can execute
a decision analysis with EMADAM due to the interactive set of prompts presented
by the software.

- The enhanced version of EMADAM is efficient in terms of computer memory required

(less than 57K bytes due to over~laying), and in terms of CPU execution time

(less than six seconds) for a moderately sized problem (Section 4, Appendix B).
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The convenience of interactive operation is somewhat offset by the required
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I
terminal time for the DM/analyst (approximately three hours for the example problem "

delineated in Section 4, Appendix B).

5.3 Recommendations

Two recommendations are offered in responge to this effort First, expand

‘- EMADAM to accommodate other forms of global utility functions besides the

]
y e s
LR R

additive form. The multiplicative form (ll1) would be a tractible function

.
N ]
R

which incorporates non-linearites in a decision situation. Second, develop a more

sophisticated procedure to assess the scaling constants (criterion weights).

PRI S G

Such a procedure should allow for more consistency checks without inducing

s

obfuscation (5,11).
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Appendix B ﬂ
R and D Funds Allocation Example

WHAT IS YOUR NAME» PLERSE? aaron d.
THANK YOUs RAROMN D. . WE WILL NOW BEGIN THE

DECISION ANALYSIS.

OPENING FILE NUMBER 1
IZ THIS DATAR NEW (N> OR STORED <S>»7n

AARON D. »YOUR OPTIONS ARE:

RTT COP DIS DON MOD NEW NUM PRU REY SEL ' \
SEN 3PA STR SYS TTL WvC

sooMITE: IF YOU NE™D AN EXPLANATION, RARON D. \
TYPE “HELP" eoee

WHAT IS YOUR CHOICE, ARARON D. ?new ‘)
THE FOLLOWING INFORMATION WILL ALLOW YOU TO CHOOSE

AN EXISTING (STORED> DRTR FILEs OR TO CONSTRUCT A

NEW ONE» ARAROMN D. .

THE CURRENT TREE IS NUMBER 1

WITH WHICH TREE WOULD YOU LIKE TO WORKs PAARON D. 7?1

OPENING FILE NUMBER 1
IS THIS DATA NEW (N> OR STORED (SO 7?n

FILE 1 HARS NO CURRENT TREE STRUCTURE. YOU RRE
BEIMG TRANSFERRED TU OPTION eee NEW eee,

“OU ARE AT THE POINT WHERE YOU WILL BE ENTERINS
THE RLTERNRTIVE SYSTEMS WHICH WILL BE RRANKED

IN TERMS OF PREFERENCE. PLERSE CHOOSE THE
RPPROPRIRTE OPTION.

A DD D ELETE M EW ECXIT
oD 9




ENTER...SYSTEM 1 LRBEL
€10 LETTERS OR LESS
?mroJect s

ENTER...SYSTEM 2 LRBEL
{10 LETTERS OR LESD
?®eroJect t

ENTER...SYSTEM 3 LRBEL
{10 LETTERS OR LESSD
?Pro.ect

ENTER...SYSTEM 4 LABEL
(10 LETTERS OR LESD®
Pro.Jject 9

ENTER...SYSTEM S5 LRBEL
(10 LETTERS OR LESS)
7eroJect Z

ENTER...SYSTEM 6 LRBEL
(10 LETTERS OR LESS
?

YOU ARE AT THE POINT WHERE YDU WILL BE ENTERING
THE ALTERNATIVE SYSTEMS WHICH WILL BE RANKED

IN TERMS OF PREFEPENCE. PLEASE CHOOSE THE
APPROPRIATE OPTION.

A <DD D CELETE NC(EW EXIT

Te

EMTER R TITLE FORP THIS DRTR STRUCTURE...
7 research and dewvelopment

7 funds allocation -

T oPrOUJeCt zelection

-
-

P SR




g SPAMNNING NODES: “A"=ALL "5 =SELECT :
)
T DO YOU WISH TO BUILD A NEW TREEs» RAROM D. ? YN .
- 79 .
7, :
: DO YOU WISH TO BY-PASS THE BETWEEN MODE CHECK?n 2

ADDING DOWNLINKS TO NODE: ¢
| 0 ’
~ =~
A =
b ARROM D. » WHAT IS THE MNEXT SUBOBJECTIVE? -
R (USE NO MORE THAN TWO 80 CHARACTER LINES) :
a 7?7 to eprovide for ausaecesetul f

PLEASE CONTIMNUE i
. ? r and Jd efforts g
- THE LAST SUBOBJECTIVE ENTERED IS: :
. TO PROVIDE FOR SUCCESSFUL N
. <
~ R AND D EFFORTS b

; CURRENT NUMBER OF NODES: 2(MRX S00) ;

. CURRENT MUMBER OF LEVELS: 2(MRX 200 =

: CUURRENT NUMBER OF SYSTEMS: S<MAX S 5
ADDING DOWMLINKS TO NODE: P

1

B TO PROVIDE FOR SUCCESSFUL ﬁ

o {

3 R AND D EFFORTS :

; RARON D. » WHAT IS THE NEXT SUBOBJECTIVE?

2 (JSE NO MORE THAN TWO 30 CHARRCTER LINES)

' ? to Produce Si3INificant resylrs

< PLEASE CONTINUE

? ?  from r and 3 efforts

‘ THE LAST TUBOBJECTIVE ENTERED I5:

_ TO PRODUCE SIGMIFICANT RESULTS

Pa

2 FPOM P AND D EFFORTS

B-3
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WHICH IS SUBOBJECTIVE NUMBER 1
FOR THE OBJECTIVE:
TO PROVIDE FOR SUCCESSFUL

R AND D EFFORTS

CURRENT NUMBER OF NODES: 3 (MAX 500
CURRENT MNUMBER OF LEVELS: 2(MRX 20
CURRENT NUMBER OF SYSTEMS: 3 (MAX 59
ADDING DOWNLINKS TO NODE:

1 1

TO PRODUCE SIGNIFICANT RESULTS

FROM R AND D EFFURTS

AARON D. » WHAT IS THE NEXT SUBUOBJECTIVE?
¢USE NO MORE THAN TWO 80 CHARACTER LINES
? to expand technologw baser but not at
PLERSE CONTINUE
? expense Of focused r add Jd efforts
THE LAST SUBOBJECTIVE ENTERED IS:

TO EXPAND TECHNOLOGY BASE» BUT NOT AT

EXPENSE OF FOCUSED R RND D EFFORTS
WHICH IS SUBOBJECTIVE NUMBER 1
FOR THE OBJECTIVE:

TO PRODUCE SIGNIFICANT RESULTS

FROM R AND D EFFORTS

ARRPON D. » WHAT IS THE NEXT SUBOBJECTIVE?
¢USE NO MORE THAN TWO 80 CHRARACTER LINES)
7 to 93in seonzorship for fundina the
PLEARSE CONTINUE
T advanced dewslopment of r and J eroJjects
. THE LRST SUBOBJECTIVE ENTERED IS:

- TO GAIN SPONSOREHIP FOP FUNDING THE

-F!‘

"
i
o

. 4

oA

" RDYANCED DEVELOPMENT OF R AND D PROJECT
:

e WHICH IS SUBOBJECTIVE NUMBER 2
k- FOR THE OBJECTIVE:

= TO PRODUCE SIGNIFICANT RESULTS
SR

o A FROM P AND D EFFORTS

. o w

vy T

7

e B4

)
N
“

/

...........
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resrl
‘-‘c"-

ROt (XX

~~~~~~~

................

RARON D. » WHAT IS THE NEXT SUBOBJECTIVE?
(JSE NO MORE THANM TWO 80 CHARRCTER LINES
? to dealize sianificant
PLERSE CONTINUVE
? results 1n minimum time
THE LAST SUBOBJECTIVE ENTERED [S:

TO REARLIZE SIGNIFICANT

RESULTS IN MINIMUM TIME
WHICH IS SUBOPJECTIVE NUMBER 3
FOR THE OBJECTIVE:
TQO PRODUCE SIGNIFICANT RESULTS
FROM R AND D EFFURTS

RARON D. » WHAT IS THE NEXT SUBOBJECTIVE?
(USE NO MORE THAN TWad 380 CHARACTER LINES)

1 1

33923304204 8 —

@ TO PRODUCE SIGNIFICANT RESULTS @

» ®

@ FROM R AND D EFFURTS L]

T ] T ]

R3990 00000000000 SLLLERRLA0RRGS
» 1 1 1
» 2130323 0004002000000000000000R0CCRCRMS
? @ TO EXPAND TECHMILOGY BRASEs BUT NOT RT @
@ 1 ]
33333@323® EXPENSE OF FOCUSED R AND D EFFORTS ]
@ > @
L] 23300024 0GR ELGRARLLLR S
i 1 1 e
@ 2232370940004 e 20a
[ @ TO SAIN SPONSORSHIP FOR FUNDING THE @
T i ?
233328 ADVANCED DEVELOPMENT OF R RND D PROJECTS®
1@ ks @
? 2132 32330300348 e
? 1 1 3
@ 313@3139323392024
? @ TO RERLIZE SIGNIFICRAM 1]
? T I}
@#33@33@333 PEZULTZ IN MINIMUM TIME l
] L] L
@ 11131213239 31230231323330022 2000000002220 A0 003N

B-5
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RARRON D. » DO THE SUBOBJECTIVES RDDRESS ALL FRCETS
OF THE PARENT DOBJECTIVE? <YM
7?9

IS THERE RANY OVERLAP BETWEEM THE COVERRGES OF
THE SUBOBJECTIVESs ARRON D. 7 <YM
n

ARROMN D. » ARE ALL THE SUBOBJECTIVES OPERATIONALLY
MEANINGFUL TO YOU? <Y/M
7?9

COULD ANY OF THE SUBOBJECTIVES BE IGNORED WITHOUT
SIGNIFICANTLY IMPRCTING YOUR PREFERENCES» RAAROM D. ? <(Y/MD
n

SRR, W

CURRENT NUMBER OF NODES: 6 (MRX S00>
CURRENT NUMBER OF LEVELS: 3(MAX 20
CURRENT NUMBER OF SYSTEMS: S(MAX 59
ADDING DOWNL INKS TO NODE:

1 1 1

TOD EXPAND TECHNOLOG6Y BASE» BUT NOT AT

EXPENSE OF FOCUSED R AND D EFFORTS

RRRON D. » WHAT IS THE NEXT SUBOBJECTIVE?
(UTE NO MORE THAN TwWO 80 CHARRCTER LINES
7 to start prodects with hish erobability
PLERTE CONTINUE
? Of success in meetins identified needs
THE LAST SUBOBJECTIVE ENTERED IS:

TQ 3TART PROJECTS WITH HIGH PRPOBRBILITY

OF ZUCCESS IN MEETING IDENTIFIED NEEDS
WHICH IS SUBOBJECTIVE NUMBER 1
FOR THE OBJECTIVE:

TO EXPAND TECHNOLOGY BRASEs, BUT NOT RT

EXPENZE OF FOCUSED R AND D EFFORTS




.................

LURRENT NUMBER OF NODES: 8 (MRX S00) ‘
CURRENT NUMBER OF LEVELS: 4 (MAX 20> ’
CIURRENT NUMBER OF SYSTEMS: SOMAX 59 '
RDDING DOWNLINKS TO NODE:

1 1 2

TO SAIN SPONSORSHIP FOR FUNDING THE

2 . A

RDVANCED DEVELOPMENT OF R AND D PROJECT

-

d
AARON D. > WHAT IS THE NEXT SUBOBJECTIVE? 3
CUSE NO MORE THANM TWO 80 CHRRACTER LINES) .
? to start proJects with the sponsorshime of maJor or3sanizations willing to 1
PLERSE CONTINUE
Tcommit develoement funds to successful r ad 4 eroJjects (number of 3PONsSOrs)
THE LAST SUBOBJECTIVE ENTERED IS: ;
TA START PROJECTS WITH THE SPONSORSHIP
OF MAJOR ORGANIZATIONS WILLING TO
COMMIT DEVELOPMENT FUNDS TO SUCCESSFUL
 AND D PROJECTS <NUMBER OF SPONSORS) :

WHICH 1S SUBOBJECTIYE NUMBER 1 ‘)
FOR THE OBJECTIVE:
TO SAIN SPONSORSHIP FOR FUNDING THE

RDYANCED DEYVELOPMENT OF R AND D PROJECT
<

-

SRARON D. » WHAT IS THE NEXT SUBOBJECTIVE?
(JSE NO MORE THAN TWO 80 CHARRCTER LINES)
?

CIURRENT NUMBER OF NODES: 9<MRX S00
CURRENT NUMBER OF LEVELS: 4(MRX 20
CURRENT NUMBER OF SYSTEMS: 3 (MAX 39
RDDING DOWNL INKS TO MNODE:
1 1 2 1
T START PROJECTS WITH THE ISPONSORSHIP
OF MAJOR ORGANIZATIONS WILLING TO
TOMMIT DEVELOPMENT FUNDS TO ZUJCCESSFUL
P AND D PROJECTS (MNUMBER OF SPONSORS)

.............. N BN T N - . :
N AR TR RN CAR R A PR I I ARSI e e SO NN : )
PN FEREOVONE O N S G s P PR S O N VR
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RDDING DOWNLINKS TO NODE:
1 1 3
TO RERLIZE SIGNIFICANT

RESULTS IN MINIMUM TIME

RARON D. » WHAT IS THE NEXT SUBOBJECTIVE?
(USE NO MORE THAN TwWO 80 CHARRKRCTER LINES)
? to start r and d proJects with

PLERSE CONTINUE
minimum time to fruition
HE LAST SUBOBJECTIVE ENTERED IS:
TO START R AND D PROJECTS WITH

MINIMUM TIME TO FRUITIDON

WHICH IS SUBOBJECTIVE NUMBER 1t
FOR THE DBJECTIVE:
TO REALIZE SIGNIFICANT

RESULTS IN MINIMUM TIME

e T RARON D. s PLERSE INPUT AN ATTRIBUTE FODR

THE DARTA NODE WITH THE OBJECTIVE:

TA START P AND D PROJECTS WITH AN

3TABLISHED TECHNOLOGY BRASE WITH WHICM
TO MEET IDENTIFIED NEEDS

{TECHNOLOGY BASE UNITS - TB UNITS)
(10 LETTERS OR LESD
T th units

IZ THE ATTRIBUTE TB UNITS

SUCH THAT BY KNOWING ITS LEVEL,
i THE RTTAINMENT OF THE OBJECTIVE
s IS TOTALLY DETERMINED?  (Y/N)

H

A COULD THE ATTRIEUTE TR UNITS
i.ﬁ BE CHANGED =0 RS TO IMPROVE
- COMMUMICATING WHAT 1S IMPLIED
A IN THE OBJECTIVE? <v-MN»

o 7n
AN
P
lf! WILL THIZ ATTRPIEJTE BE PROBABILISTIC ° <YM
@ 3

Ei§-§3,

~
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..............

............

WHAT IS THE WORST ACCEPTABLE

LEVEL <REARL NUMBER) OF TB UMITS
70

THE LEVEL STURED WAS 0.

WHAT IS THE BEST (RERLISTICALLY)

LEVEL <RERL NUMBER> OF TB UNITS » HRRRON D. ?
710

THE LEVEL STORED WRAS 10.

RRRON D. » PLERSE INPUT AN RTTRIBUTE FOR
THE DATA NODE WITH THE OBJECTIVE:S

TO STRRT PROJECTS WITH THE SPONSGRSHIP

OF MRJOR ORGAMIZRTIONS WILLING TU
COMMIT DEVELOPMENT FUNDS TO SUCCESSFUL

R AND D PRPOJECTS <(NUMBER OF SPOMNSORS)
r10 LETTERS OR LESD®

TIPON3SOrs

R

T .
PCSPRIN. | NOUR

IS THE ATTRIBUTE SPONSORS

SUUCH THRT BY KNOWING ITS LEVEL,

THE ATTAINMENT OF THE UOBJECTIVE

IS TOTALLY DETERMINED? <Y-/MND
T

COULD THE RATTRIBUTE SPONSORS
BE CHANGED =0 RS TO IMPROVE .
- COMMUMICRTING WHAT IS IMPLIED
IN THE OBJECTIVE? <Y-N>
TR

WILL THIS RATTRIBUTE BE PROBABILISTIC 7 <«Y/M
T

WHRAT I3 THE LORST RCCEPTRBLE

LEVEL <RERL NUMBER> 0OF SPONSORS
Ed))

THE LEVEL STORED WRS 0.

WHAT IS THE BEST <REALISTICARLLY)

LEVEL <REAL NUMBER> OF SPONSORS + ARARON D. 7
10

THE LEVEL STORED WRS 10.

AARON D. » PLERSE INPUT AN RTTRIBUTE FOR
THE DRTA MODE WITH THE OBJECTIVE:

TO STAPT R AND D PROJECTS WITH

MINIMUM TIME TO FRUITION

(10 LETTERS OR LEZZD
Trimes9ears

B-9
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o I THE RTTRIBUTE TIMEsYERRS
i ‘5? SUCH THAT BY KNOWING ITS LEVEL»

i | THE RTTAINMENT OF THE OBJECTIVE

s IS TOTALLY DETERMINED? (v M>

Rk Ty

e COULD THE ATTRIBUTE TIME:VEARS

- BE CHANGED SO AS TO IMPROVE

- COMMUNICATING WHAT IS IMPLIED

- IN THE DBJECTIVE? <(Y/N>

&N Kds)

S WILL THIS ATTRIBUTE BE PROBABILISTIC ? (Y/N)
y by

WHAT IS THE WORST ACCEPTABLE
LEVEL <(PE NUMBER) OF TIME»YEARS

X 75
20N THE LEVEL STORED WRS 5.
..'T,.\}
- WHAT I3 THE BEST (REALISTICALLY)

&% LEVEL C(REARL NUMBER) OF TIME,YEARSs RARON D. 7

o 70

e : THE LEVEL STORED WAS 0.

=3 TB UNITS SPONSORS  TIMEsYERRS

o
“ THE ABOVE IS THE CURRENT SET OF RTTRIBUTESs RARDON D. .
- A IF vYOU SEE ANY WHICH ARE REDUNDANT, OR
Tl T WHICH HAVE R DIRECT IMPACT ON ONE ANOTHER

oS (E.5. WEIGHT AND THRUST)»

- vyOU SHOULD PEFORM THE RTTRIBUTE SET TO

e REMOVE THESE PROBLEMS.

o 0 vOU wWISH TO REFORM THE ATTRIBUTE SET» AARRON D. 7
A o oND N

P

A T T

e DO ¥OU WISH TO BYPASS INDEPENLENCE TEZTINGTA

.’ AT WHRT TOLERANCE DO YOU WANT TO CHECK YOUR

N SETFONSERARON D. CFLUS OF MINUT X PEFCENTY T

G K=710

§§t JE ARE WOPKING AT PLUZ OR MINUS 10 PEFCENT

SSANE ARAFOMN D. WHICH ATTRIBUTE DO wOU WISH TO EXFLOFPE THE
x UTILITY IMDEPENLENCE DF -
:

o UTILITY INDEPENLEMCE OF7 <¢IF YOU WISH TO REVIEU

NN THE ATTRIEUTES IN THE ORDEF THEY WERE INFUT.

R IMTER 1000y OTHEPWIZE EMTER THE ATTFIEUTE MUMEEF NOW.>
\_.." . 71 oo

or, HTTFIBUTE NUMBEFR

T e TE UMITE 1




.................

SPONSORS 2

TIMEsYEARS 3
RAROM D.  WHICH ATTRIBUTE DO YOU WISH TO EXPLORE -THE
MTILITY INDEPEMD

|
UTILITY INDEPENDENCE OF? <(IF YOU WISH TO REVIEW
,THE ATTRIBUTES IN THE ORDER THEY WERE INPUT,
ENTER 1000» OTHERWISE ENTER THE ATTRIBUTE NUMBER NOW.> 1
iSUPPOCE THAT THE FOLLOWING

/ATTRIBUTES ARE AT THESE LEVELS:

ITIME> YEARS = 1.29

ITHAT IS AT THE 25 PERCENT LEVEL

}-
{NOW SUPPOSE THAT YOU HAYE THE INITIAL COMNDITIOMS:
TB UNITS =3, AND SPONSORS =5, A

. IMRGINE THRAT SPONSORS IS CHANGED TO 2.

(WHAT LEYEL OF TB UMITS WOULD KEEP YOU RS SRTISFIED
'AS YOQU WERE UNDER THE INITIAL CONDITIONS?

: (REMEMBER THAT ALL OTHER ATTRIBUTES RRE RT

| THE 25 PERCENT LEVEL)

. ?8

| SUPPOSE THAT YOU ARE STARTING Ri
TB UNITS =3. AND SPONSORS =S.

| IMASINE T

i IMAGINE THAT 9. IN SPONSORS IS ACHIEVED.
TO WHAT LEVEL WOULD YOU CHAM

 TO WHAT LEYEL WOULD YOU CHANGE TB UMITS IN ORDER TO
- REMAIN AS ZATISFIED RS YOU WERE INITIALLY?

‘REMEMBER THAT ALL OTHER ATTRIBUTES RRE AT THE
' 2% PERCENT LEVEL)
! N ?3 - - - -
"ARRON D. » SUPPOSE MOW THAT THE FOLLOWING ATTRIBUTES
4RE SHIFTED :

RARE SHIFTED TO THESE LEYELS:
TIME, (EARS=2.79
THRT IS AT THE 7S PERCENMT LEVEL

ZUPPOZE THRT YOU HRYE
TB UNITS =5, AND SFONSOR: =

P e S
. N
sen

h

'A%
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IMARGINE THRT THE LEVYEL OF CPONSORZ

IZ CHANGED 70 2.. . ,

MOULD THE LEVEL OF TB UNITS NEEDED TO REMRIN

A3 SATISFIED RS AT THE INITIAL CONDITIONS .

LIE PETWEEN 8.5 AND V.5 .
N T

~UPPU°E THAT YOU HRAYE THE INITAL CUHDITIDNSn

TE UNITES =5. AND SPONSORS =5, . -

LM&GINE THAT YOU MUST ARCCEPT

A LEVEL OF 8. IN SPONSORS
WOULD THE LEVEL OF TB UNITS
THAT vDU WOULD WAVE TO MOVE TO CIN ORDER TO BE AI
SATISFIED AS UNDEF THE INITRL CONDITIONSY LIE .- -

ETWEEN 3.5 AMD 2.5 - -l

YN 79 '
FHERE ARE NO INDEPENDENCE PROBLEMS co -

ITH THE ATTRIBUTES TESTED SO FAR, '

0 YOU WISH TO ASSUME MPI FOR THE -
YEMRINING ATTRIBUTES? C(YsMN) -

n

YEN IF YOU DO NOT WISH TO ASSUME

FI AMOUNG THE ATTRIBUTES.
D0 YOU WANT TO STOP MUI TESTINGT «(Y/ND.
' ds)

SUPPOZE THRT THE FOLLOWINSG
RTTRIBUTES RRE RT THEZE LEVELZ:
TPONZORE = 2.5%

THAT IS AT THE &% PERCENT LEVEL

MHOW ZUPFPOZE THAT ¥0OU HAVE THE INMITIAL CONDITIONES:
TE UNITE =S. AND TIMEs YEARS=2.% -

IMRSINE THRT TIME.YERFS 15 CHANGED TO 1.

WHAT LEVEL OF TB UNITE WOULD KEEP YOL AS SRTISFIED

R wOU WERE UNDER THE INITIARL CONDITIDNZ?
"PEMEMBER THAT ALL OTHEP RTTRIBUTES AFE RT

THE 25 PEPCENT LEYEL>
72

TUFPDSE THAT YOU ARE STRRTING AT
VB UNITS =5, AMD TIMEsYERRS=2.5

IMARIME THAT 4, IN TIME.YERRES 1IZ RCHIEWED.

TZ «oHAT LEYEL wOULD ¥0OU CHAMGE TE UNIT: IN OFDEF
FEMRIN AZ SATISFIED RI YOL WEPE IMITIALLYY
(REMEMEER THAT ALL OTHER ATTRIEUTEZ ARE AT THE

2% PEFCEMT LEYEL?

R N e N et ‘ L e e e et - e - e e .
- _\..._th‘{ -_L.L"A‘L-_A—.AL'_L.‘A_'.L{‘-{L{_.A_ Y AR R .'D--.'h‘) T e N L N e Yy e S .
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ARRON D. » SUPPOSE MOW THAT THE FOLLOWING RTTRIBUTES -
ARE SHIFTED TO THESE LEVELS: 9
SPONSORS  =7.5 -
THAT IS AT THE 75 PERCENT LEVEL )

SUPPOSE THART vOL HAVE
TB UNITZ =5S. RAND TIME,sYEARS=2.S5

IMAGINE THRT THE LEVYFL. OF TIMEsYERRS
I CHANGED TO 1t..
WOULD THE LEVEL OF TB UNITS MEEDED TO REMRIN
RZ SATIZFIED AS AT THE INITIAL CONDITIOMS
_IE BETWEZN 2.5 RND 1.9
YN T

SUPPOCE THRT vQU HAVYE THE INITRL COMDITIOMS:
TB UNITS =95, AND TIME,YEARS=2.S

IMARGINE THAT YOU MUST ACCEPT
R LEVEL OF 4. IN TIME, YEARD
WOULD THE LEVEL OF TB UNITS )
THAT YOU wOULD HAYE TO MOVYE TO <IN ORDER TO BE AT
SATISFIED AS UNDER THE INITAL CONDITIONS) LIE
BETHWEEN 2.5 RMND 7.5

CYANY Py
THERE RFE NO IMDEFENDENCE PROBLEMS
WwITH THE ATTRIBUTES TESTED SO FARe
DO vQu WIZKW TO ASIUME MPI FOR THE
FEMAINING RTTRIBUTEZ? (r/M)

n

EVYEN IF YOU DO NOT WISH TO ASSUME
MPI RMOUNG THE RTTRIBUTES.
pa ¥Ou WANT TO STOP MUl TESTIN

DO YOu WANT TO STOP MUI TESTING? (YN,
?n
SINCE TB UNITS IS PRIRWIZE PREFEPENTIALLY
INDEPENMDENT OF THE OTHER ATTRIBUTE:s RATTRIBUTE
TB UNITS WILL NOW BE TESTED FOR UTILITY INDEPEMDENCE.

WITH THE OTHER RTTRIBUTES EVCEPT TB UMITS
SET AS THE FOLLOWING LEVELSZ

TPONEORS = 2.5
TIMEYEARS = 1.25

MCW WHRT YALUE OF RTTPIEBJTE TR UNIT: WITH CERTRINTY
WwOULD ¥YOU TPRDE FOR A LOTTERPY OF R S0-50 CHAN

WaguLD YOU TRADE FOR A LOTTERY OF A S0-50 CHANCE OF
RECEIWIMG EITHER 10, UNITS OR 0. UMITS OF
ATTRIBUTE TB LMITEZ

92
-

B-13




= NOW WHRT VALUE OF ATTRIBUTE TE UNITS WITH CERTRINTY

:i WOULD YOU TFADE FOR A LOTTERY OF R 50-50 C
[~ 6 wOULD YDOU TRADE FOR A LOTTERY DF A S0-50 CHANCE OF
{ RECEIVING EITHER 10. UNITS OR 3. UNITS OF
A ATTRIRUTE TB UNITS
- ?6

l', 'A
¥

A
A

- NOW WHAT YRLUE OF ATTRIBUTE TE UNITS WITH CERTARINTY
- WDULD YDU TRADE FDR A LOTYERY OF A S0-S0 CHANCE OF
RECEIVING EITHER 3. UNITS Ok 0. UNITS OF

ATTRIRUTE TB UNITS
?1.__ . - .

X ARRON D. » SUPPOSE NOW THAT THE FOLLOWING ATTRIBUTES
e ARE SHIFTED TO THESE LEVELS!

SANCA
'.' .
[ R b 26

SPONSORS =7.35
TIMEs YEARS=3. 7S

R

N THAT IS AT THE 75 PERCENT LEVEL

I NOW FOR THE LOTTERY OF R S50-50 CHANCE OF RECEIVING EITHEFR

) 10. UNITS OP 0. UNITS OF ATTRIBUTE TB UNITS

2y WOULD YOU TRADE FOR A VALUE OF ATTRIBUTE TB UNITS  WITH

o CERTRINTY BETWEEM 3.5 UNITS AND 2.5

- UNITSs <(Y/N> 7y

o

\' -

A NOW FOR THE LOTTERY OF A S0-50 CHANCE OF RECEIVING EITHEK

; 1. UNITS OF 3. UNITS OF ATTRIBUTE TB UNITS

P <R wOuLD YOU TRADE FIFR A YALUE OF ATTRIBUTE TB UNITS  WITH

A CERTRINTY BETWEEMN 6.5 UNITS AND 5.5

N UNITS. <(Y/Ndw

o MOW FOR THE LOTTERY OF A 50-50 CHANCE OF RECEIVING EITHER

- 3. UNITZ DR 0. UNITS OF ATTRIBUTE TE UNITS

o WiTH CEFTRINTY BETWEEN 1.S UNITS AND .S

e UNITS. (¥/Ndw

A gHMLY "Y* OR “N" IS ALLOWEDs RAROM D.

h."-

e MOW FOR THE LDTTERY OF A S50-50 CHANCE OF RECEIVING EITHEFR
3. UNITZ OR 0. UMITS OF ATTRIBUTE TE UNITS

i WITH CERTRINTY BETWEEN 1.5 UNITS AND .S

- UMHITS.  {¥ /N

) gHLY "¥" OR "N" IS ALLOWEDs AAROM D.

< MOW FOR THE LOTTERY OF A S0-50 CHANCE OF RECEIVING EITHEF

ol 3. UNITZ OR 0. UNITZ OF ATTRIEUTE TE UNITS

= WITH CERTRINTY EETWEEN 1.5 UNITS AND .S

o UHITE. <¥Y/Niw

2o

o.‘_-

ol THE ATTRIEUTES ARE UTILITY INDEFPENDENT

-

> L \:-b
N THE UTILITY FUNCTIONS FORP ERCH WTTRIBUTE
NS WILL WOW EE DETERMIMEL




S STA R IAX « ... . .-’,' LA MO A AN s S AT N S R S N e T .- A S By S Jhdi S s Begs 2 A |

\;. - oo i
\__:
{
THE UTILITY FUNCTIONS FOR ERCH ATTRIBUTE
WwILL NOW BE DETERMINED
{ K
L NOW WHAT LEVEL OF ATTRIBUTE TB UNITS
- NITH CERTRINTY WOULD YOU TRADE FOR A LOTTERY
X WITH R S0-50 CHANCE OF RECEIVING EITHER
o 10. UNITS OR 0. UNITS OF ATTRIBUTE TB UNITS
AR 3
_— NOW WHRT LEVEL OF ATTRIBUTE TB UNITS
Aot WITH CERTAINTY WOULD YOU TRADE FOR A LOTTERY
~ WITH R S0-S0 CHRNCE OF RECEIVING EITHER
IS 3. UNITS OR 0. UNITS OF ATTRIBUTE TB UNITS
Y 71.5
. NOW WHRT LEYEL OF RTTRIBUTE TB UNITS
o WITH CERTAINTY WOULD YOU TRADE FOR R LOTTERY
oy WITH A S0-50 CHANCE OF RECEIVING EITHER
:ﬁ 3. UNITS OR 10. UNITS OF RTTRIBUTE TB UNITS
5N ?8
;i THE RBOVE YIELDS A UTILITY FUNCTION FOR TB UNITS
- WITH PARAMETERS?
- BO=, 0360853799916 Bl=.4143262372915
> SUM OF SQURRED ERROR=. 00439475958282
. (LOGRFITHMIC FORM
. UTILITY=BO+B1eLN(RTTRIBUTE LEVEL ‘)
- 10.00 -+ . .
SRR + *>
- + >
'-_:.: + .
o 3.00 -+ .
y + L 2
NN + L J
- + 2
T + >
ns S5.50 -+ .
e + IS
_ + L J
D + .
e + .
3."2«. 3.00 -+ ) >
ﬁ;.:- + .
ol + .
o + hd
Y -: 'f .
,j:'\. - 5 U 2 4
:.:;; e + + + +
" 0.0 .25 .5 .75 1
e UTILITY
| ]
o DTILITY FUNCTION FOR TB UMITS J
: DOES THE RBOVE FEPREZENTATION APPEAR RERSOMABLE? (V- M)
e T
e B-15
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N & NOW WHAT LEVEL OF ATTRIBUTE SPONSORS

: WITH CERTRINTY WOULD YOU TRADE FOR AR LOTTERY

WITH R S50-50 CHANCE OF RECEIVING EITHER

10. UNITS OR 0. UNITS OF ATTRIBUTE SPONSORS
.? -b

NOW WHAT LEVEL OF ATTRIBUTE SPONSORS

WITH CERTRINTY WOULD YOU TRADE FOR A LOTTERY
WITH R S0-50 CHANCE OF RECEIVING EITHER

i 2. UNITS OR 0. UNITS OF ATTRIBUTE SPONSORS

: 1

7. NOW WHAT LEVEL OF RATTRIBUTE SPONSORS

WITH CERTRINTY WOULD YOU TRRDE FOR A LOTTERY
.. WITH A S50-50 CHANCE OF RECEIVING EITHER
L 2. UNITS OR 10. UNITS OF ARTTRIBUTE SPONSORS
?3

X THE ABOVE YIELDS A UTILITY FUNCTION FOR SPOMSORS
WITH PRRAMETERS:

B0=.01501703492354 B1=,3317918697555

SUM OF SQURRED ERROR=. 03966886467344
CSQUARRE-RDOOT FORM

UTILITY=BO+B1e(RTTRIBUTE LEVEL)>+¢0.5

. ~
Pty o W AF ¥ -

N 10.00 -+ .
. “. + .
SR + .
W , + »
y 2.00 -+ -
'} + L 2
N + .
+ .
X + . R
) %.50 -+ - 0
. + * 7]
+ . ﬂ
+ L 4 d
+ .
W 2.00 -+ . ﬂ
: * . :
.: + * :.
- + . .
£ + . ~
: .50 -+ > q
O + - o ————— e + a
0.0 .25 .9 .73 1 x
HTILITY -

UTILITY FUNCTION FOR ZPOUNSORS

;QA DOES THE ABOVE REPREZENTATION APPEARR REASOMNABLE? cY.MN)
T
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e MOW WHART LEVEL OF ATTRIBUTE TIME»>YEARS

A WITH CERTRINTY WOULD YOU TRADE FOR A LOTTERY
{ Q ‘ WITH R S0-50 CHANCE OF RECEIVING EITHER
NN 0. UNITS OR S. UNITS OF RTTRIBUTE TIME»YERRS
74

0

i~ NOW WHAT LEVEL OF RTTRIBUTE TIMEsYERRS

= WITH CERTAINTY &OULD YOU TRADE FOR A LOTTERY

WITH A S0-50 CHANCE OF RECEIVING EITHER
4. UNITS OR S. UNITS OF RTTRIBUTE TIME»YERRS

o 74.5
D% NOW WHAT LEVEL OF ATTRIBUTE TIME,YEARS
> WITH CERTARINTY WOULD YOU TRADE FOR A LOTTERY

WITH A S50-50 CHANCE OF RECEIVING EITHER

»

o 4. UNITS OR 0. UNITS OF RTTRIBUTE TIME»YERRS
LAY e
:j:CE | *3
X THE RBOVE YIELDS A UTILITY FUNCTION FOR TIME, YERRS
A\ WITH PRRAMETERS:
\ 2 BN=1.05873425%292 Bi=—, 0397675626542
A58 SUM OF SQURRED ERROR=, 01603919683733
il «SQUARED FORM
::-::' UTILITY=BO+Ble(RTTRIBUTE LEVEL)> e#2.0
- 0.00 -+ .
Y + L 2
{ - + TS
NN + .
N 1.00 ~+ g
3 .-' + >
Ay + *
- + L 4
. * | *
NN 2.25 -+ .
v : .
= + ..
“7a + .
= + IS
: 3.50 -+ L
~ + >
.:’_‘-.: + *
o + s
. + .
Z. 4.75 -+ g
A PO - —— —_— + -
e 0.0 .25 .5 er3 1
I UTILITY
i
K
;’ UTILITY FUNCTION FOR TIMEs YERRS
'::~ DOES THE RBOYE REPREZENTATION RPPERR RERIOMNRBLE? (Y-M
N R
S
o
) :\"':
by B-17
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YOU MAY NOW ENTER WEIGHTSs, VALUES, OR (RE>CALCULRTE
THE TREE. CHOOSE YOUR OPTIOM: '

WCEIGHT V (RLUES CYALCULRTE E<XIT
LY
VARLUES ¢ AL SCELECT
7a
WE RARE AT THE DRATAR NODE: DATA FOR
TO STRART R AND D PROJECTS WITH AN PROJECT S

ESTABLISHED TECHNOLOGY BASE WITH WHICH
TO MEET IDENTIFIED NEEDS
(TECHNOLOGY BRASE UNITS - TB UNITS)
WHICH HRS THE ASSOCIATED ATTRIBUTE TB UNITS

THE CURRENT SPIKE PROBRBILITY (SEE
LUSER-S MANUARL> FOR TB UNITS
RT A LEVEL OF 1. IS 0.

WHAT IS THE NEW SPIKE PROBRBILITY
?0

THE CURRENT SPIKE PROBABILITY (SEE
USER’S MANURL) FOR TB UNITS
AT A LEVEL OF 2. IS o.

WHAT IS THE NEW SPIKE PROBARBILITY
0

THE CURFENT SPIKE PROBRBILITY <(SEE
LUSER’S MANUARL> FOR TB UNITS
AT A LEVEL DOF 3. IS 0.

WHAT I3 THE NEW ISPIKE PROBARBILITY

-~ oae
e dd

THE CURPENT SPIKE PROBRBILITY (SEE
USER-S MANUAL) FOR TE UNITS 1
AT A LEVEL OF 4. IS 0. )

WHAT IS THE NEW SPIKE PROBABILITY

> &
Yo
1

THE CURRENT SPIKE PROBRBILITY (ZEE

N IUSER-S MAMUAL) FOR TB UNITS

F AT A LEVEL OF S. IS 0.

=

o WHAT IS THE NEW SPIKE PPOBRBILITY
b:'\ ':‘\. ? . \:-' S

::

bd‘

v
[
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o]
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<o
Vi THE CURRENT SPIKE PROBABILITY (SEE
& USER’S MANUAL) FOR TB UMITS
28 AT A LEVEL OF 6. IS 0. "
W O WHAT IS THE NEW SPIKE PROBABILITY
e 70 .

o THE CURRENT SPIKE PRUOBARBILITY (SEE
Ny USER’S MANUALY FOR TB UNITS
’ RT A LEVEL OF 7. IS 0.

e WHAT IS THE NEW SPIKE PROBARBILITY

,s:

S 70
LA N '
et

el THE CURRENT SPIKE PROBABILITY (SEE
. USER’S MANURLY FOR TB UNITS
AT A LEVEL OF 8. IS o.

a0
e WHAT IS THE NEW SPIKE PROBABILITY
':\ ' ?0
~ THE CURREMT SPIKE PROBRBILITY (SEE
ke USER-S MANUAL) FOR TB UNITS
N AT A LEVEL OF 9. IS 0.
A WHAT IS THE NEW SPIKE PROBABILITY
ol 70 |
| |
e - THE CURRENT SPIKE PROBABILITY (SEE P
NN USER’S MANUAL) FOR TB UNITS
% AT A LEVEL OF 10. IS 0.
7 WHAT IS THE NEW SPIKE PROBABILITY
) 70
o THE SPIKE PROBABILITIES RESULT IN THE
o8 FOLLOWING PLOT:
s 0.0 0.2 0.4 0.6 0.8
& 1.0000
= 2.0000
-.:f:.'- 3. 0000 seesecesssese
e 3. 00000000000006600006000060000
e 5. 000N eecssscsesse
T 6.0000
F 7.0000
- 3.0000
e 3.0000
N 10.0000
. _‘-,- P + o - o o e e s e e _——
on 0.0 0.2 0.4 0.5 0.3
B
R SPINKE PPOBRBILITIES FOR ATTRIBUTE TB UNITS - PROJECT S +@
r g Lr-AxX13 13 ATTRIBUTE LEVEL)
“r).
e
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X
P\,
. ~ L3
o .
[
\?' 0.0 0.2 0.4 0.5 0.8
6 1.0000 .
2.0000 |
3.0000 ;
. <.0000 .
S.0000
6. 0000000ee
7. 00000000000 .
8. 00006406666060666606606¢ )
4. 000 0sevesecesre :
10:.00N00veee :
0.0 - .0.2 0.4 0.6 0.8 i
SPIKE PPOBRBILITIES FOR ATTRIBUTE TB UNITS PROJECT T !
(Y-AXIS IS ATTRIBUTE LEVEDL j
0.0 0.2 0.4 0.6 0.8 .
1. 0000 oveoeseoessoosoesere
2. 0000 oeoeoessesssssses
3. 0000 seeosereoecsrsee
4.0000
5.0000
65,0000
f: 7.0000
. 2.0000
- 9.0000
- 10.0000
X e + +— + +
P 0.0 0.2 0.4 0.6 0.8
~
f: SPIKE PROBABILITIES FOR ATTRIBUTE TB UNITS PROJECT X
N (Y-AXIS IS ATTRIBUTE LEVYEL)
r
2
o 0.0 0.2 0.4 0.6 0.8
o +— +— + + - -+
!:-: 1.0000
" 2.0u00
S 2.0000
N 4. 0D00oeessssecessssrstsss
!!_ 5. 00000606666666606066060000606066600¢
- 5.0000
- 7.0000
- 2.0000
.0000
10.0000
$————————— m———————— + ——— ————
0.0 0.2 0.4 0.5 0.3
"3
2 4 ZPIKE PPOBABILITIET FOP ATTRIBUTE TB UNITS PROJECT Y

(Y-AXIZ IS ATTRIBUTE LEVEL>
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SPIFE PPOBRBILITIES FOR RATTRIBUTE SPONSORS

e T TIN FMTNPPPPPPPPPPwpﬁSﬁFTSTﬁﬁrﬂrxvtﬁrt\_g-..af
0.0 0.2 0.4 0.5 0.3
- 1.0000
. 2.0000
3.0000
4.0000
5.0000
55,0000
7.0000
8. 0000 006e00000000006060600606606
9. 0000 ¢000660000000006000000060
10.0000
0.0 0.2 0.4 0.9 N.8
SPIKE PROBRBILITIES FOR ATTRIBUTE TP UNITS
(Y=-RXIS IS RTTRIBUTE LEVEL)
0.0 0.2 0.4 0.6 0.8
1. 0000eeeee
2. 000000060000066000600000060000
3. 0000 eoeececsseoe
4., 0000 ceocvececeee
S.0000
6.0000
- 7.0000
e 3.0000
2.0000
10.0000
0.0 0.2 0.4 0.6 0.3
SPIKE PPOBRRBILITIES FOR ATTRIBUTE SPONSORS
(Y-RXIS IS ATTRIBUTE LEVEL)
0.0 0.2 n.4 0.6 0.3
1.0000000000000000.00.000«2. i .
2. 0000 sevssssesese
3. 0000 veeecee
. 4.0000000ee
3.00000e
5. 0000
7.0000
3.0000
3.0000
19,0000
fm————————— ———— + + ———
0.0 D.2 .4 0.8 0.3

. %
e Cr=R<IT IS ATTRIBUTE LEVEL)
B-21
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Appendix C
Technology Base Units 1

Sedndna e

The following scale was used to nate projects on the 1

attribute reflecting technical foundation of a research area.

Technology Base (TB) Scale
Characteristic - 0-10

Research Base Fully Developed 9
Adequate Data To Go Into Production

Research Base Developing With Foundation 7
For Further Development, Growing Data Base
For Specific Technology

Research Base Partially Developed, g
Some Data Available On Specific
Technology
" Research Base Undeveloped, Data - 3
¥ - Available But Only From Related Areas
; Research 3ase Undeveloped, Technology 1
N Area New, No Data
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